a tetanus toxoid-derived helper peptide, and imiquimod was applied topically to metastatic tumors daily. Adverse events were recorded, and effects on the tumor microenvironment were evaluated from sequential tumor biopsies. T cell responses were assessed by IFNγ ELIspot assay and T cell tetramer staining. Patient tumors were evaluated for immune cell infiltration, cytokine and chemokine production, and gene expression. Results and conclusions Four eligible patients were enrolled, and administration of imiquimod and vaccination were well tolerated. Circulating T cell responses to the vaccine was detected by ex vivo ELIspot assay in 3 of 4 patients. Treatment of metastases with imiquimod induced immune cell infiltration and favorable gene signatures in the patients with circulating T cell responses. This study supports further study of topical imiquimod combined with vaccines or other immune therapies for the treatment of melanoma.
Introduction
Melanoma metastases lacking T cells often fail to respond to immune therapies and are associated with shorter overall patient survival [1] [2] [3] [4] [5] [6] [7] . Improving the trafficking and retention of effector T cells in tumors may beneficially impact patient survival. The TLR7 agonist, imiquimod, has induced regression of basal and squamous cell carcinomas [8] associated with CD8 + T cell infiltration [9] . Furthermore, imiquimod enhanced IFNγ production and effector function of tumor infiltrating T cells, with effector T cells producing more granzyme and perforin [9] . Imiquimod also induced E-selectin expression by tumor vasculature endothelium, and ICAM-1 expression on dermal endothelial cells, which may support an influx of skin homing T cells [9, 10] . Imiquimod can induce direct apoptosis of melanoma cells, which may support antigen presentation [11] . In murine studies, imiquimod inhibited melanoma development by promoting plasmacytoid DC recruitment, triggering cytotoxic functions and type 1 IFN responses, and suppressing tumor vascularization [12] [13] [14] . Therefore, imiquimod may modulate the TME to support infiltration by T cells induced by vaccination or other T cell-based therapies.
Imiquimod is supplied in a cream for topical application to selected skin sites. The site of application determines where its effect will be realized. Imiquimod has been administered at the site of vaccination, as a vaccine adjuvant, to support DC activation at that site and to increase systemic immune responses to the vaccines [15] [16] [17] . In those 3 studies, one showed that imiquimod-treated skin had increased mononuclear cell infiltrates and DC activation [16] ; another that imiquimod may have increased immunogenicity [17] ; however, the third study found that imiquimod at the vaccine site did not improve the immune response to a viral vaccine [15] . On the other hand, imiquimod has also been administered topically to skin metastases of melanoma. This has induced significant regressions of treated lesions in some patients, suggesting anti-melanoma activity as monotherapy [18] [19] [20] . That clinical activity may be mediated by induction of antitumor immune responses and by supporting T cell infiltration. We have hypothesized that topical treatment of melanoma metastases with imiquimod may support infiltration with T cells induced by concurrent melanoma vaccines. To our knowledge, topical treatment of tumors with imiquimod has not been evaluated in combination with vaccination in patients with melanoma. This study was initiated to obtain pilot data on the safety of topical imiquimod for the treatment of melanoma and to address whether imiquimod treatment in conjunction with vaccination would promote T cell recruitment into tumors.
Methods

Study design
This was designed as a two cohort, nonrandomized, openlabel pilot study testing the combination treatment of topical imiquimod of skin metastases plus vaccination with a multipeptide vaccine. The study was designed to assess the safety and to obtain preliminary data on the biological effect of topical imiquimod, with or without the vaccine. The sample size and stopping rules were based on testing that the probability of developing a dose-limiting toxicity from a null rate of 0.33 against the alternative rate of 0.05. Patients were studied following informed consent, with Institutional Review Board approval (IRB# 15168) and Food and Drug Administration review (IND #12191). The Mel53 trial was registered with ClinicalTrials.gov (NCT01264731) and was performed at the University of Virginia. The schema is shown in Fig. 1a .
Vaccine composition and administration
Each vaccine contained a mixture of 12 class I MHCrestricted melanoma-derived peptides (12MP, 100 mcg each) and a class II MHC-restricted tetanus toxoid-derived helper peptide (200 mcg) [21, 22] , listed in Supplemental Table 1 , emulsified 1:1 (v/v) in 1 ml Montanide ISA-51 VG adjuvant (Seppic, Inc, Paris, France), referred to as MELI-TAC 12.1. The vaccine was administered subcutaneously (1 ml) and intradermally (1 ml), in the same extremity on each visit, at or near the same site, within a 2-cm margin. Vaccines were administered in two treatment cycles: day 1, day 8, day 15 for cycle one, then day 36, day 57, day 78 for cycle two.
Lesion selection for treatment
Lesions for biopsy and imiquimod treatment were selected prospectively at the time of enrollment (day −14 to day 1) and were based on clinical standards, clinician's judgment, and patient's informed consent. The number of lesions treated depended on the availability and size of the lesions.
Imiquimod treatment
5 % imiquimod cream (3M, Maplewood, MN) was purchased commercially and was applied by the patient 1 3 topically once a day, 7 days per week to selected superficial skin metastases, for 12 weeks beginning day 1. Each single-use imiquimod packet contained 250 mg of cream (12.5 mg imiquimod) and could be used for a surface area of up to 20 cm 2 .
Tumor biopsies
Biopsies (incisional, excisional, or core biopsies, and fine needle aspiration biopsies) of cutaneous metastatic melanoma were obtained on day 1 (baseline, no treatment), day 22 (after 3 weeks of imiquimod treatment, and 1 week after the third vaccine), and day 43 (after 6 weeks of imiquimod, and 1 week after the 4th vaccine). Additional biopsies on day 85 were optional in patients with more than the minimal tumor requirements. Each biopsy was divided into three portions and allocated at the bedside within 5 min of excision, with half saved in medium for evaluation of shortterm explant cell cultures, one-fourth in formalin, and onefourth frozen in Tissue-Tek optimum cutting temperature (O.C.T.) medium (VWR, Radnor, PA).
Trial enrollment
The study was designed as a 2-cohort study, with patients in cohort 1 to receive vaccine plus imiquimod, and patients in cohort 2 to receive imiquimod only. Cohort 1 consisted of patients who were eligible for the vaccine based on HLA type and eligibility criteria, and cohort 2 consisted of patients who were not eligible for the vaccine based upon HLA type yet met all other criteria. Patients were enrolled only to cohort 1, and slow enrollment led to halting enrollment early. Target enrollment was 14 eligible patients for cohort 1, based upon safety assessment and assessment of primary immunologic endpoints.
Eligibility criteria
Patients were eligible if they had histologically or cytologically proven Stage IIIB-IV melanoma (7th edition American Joint Committee on Cancer), with skin metastases, and were age 18 years or older. Additionally, patients needed adequate cutaneous melanoma tissue available in 1-4 lesions to provide a sample, at least 0.1 cm 3 , at each of 3 biopsy time points, with at least one lesion amenable to topical imiquimod application. Participants could have distant or visceral disease in addition to the cutaneous metastases. Eligibility for cohort 1 also included expression of HLA-A1, HLA-A2, HLA-A3, or HLA-A11. Exclusion criteria included: pregnancy; cytotoxic chemotherapy, interferon, or radiation within the preceding 4 weeks; known or suspected allergies to vaccine components; multiple brain metastases; and use of steroids or Class III-IV heart disease.
Primary endpoints
(1) Safety of vaccine and topical imiquimod treatment, (2) Changes in levels of intratumoral immune cells after imiquimod treatment. Secondary endpoints included: reactivity of intratumoral T cells to peptides in the vaccine, and clinical regression of imiquimod-treated lesions.
Adverse events
Were recorded for all patients using National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events, v4.03.
IFNγ ELIspot assay
Circulating immune responses were assessed by IFNγ ELIspot assay, using reported methods [22, 23] . Briefly, assays were conducted on PBMCs directly ex vivo after cryopreservation. A patient was considered to have a response to vaccination (yes/no) if the following criteria were met: the ratio of T cell response to the pooled 12MP peptides relative to T cell response to the maximum of the negative controls was greater than 2, and the spots counted for the pooled experimental peptides were at least 20 (per 10 5 CD8 + cells) greater than the number of spots for the negative control [24] . If the maximum of the negative controls for a given sample was zero, a meaningful fold increase could not be calculated; in those cases, the minimum detectable value among all similar assays was used as the negative control for that sample to enable defining a T cell response. For this study 0.5 spots per 10 5 was the minimum value. Interassay coefficients of variation (CVs) were calculated for normal donor PBMC responses to a pool of 32 peptides from CMV, Epstein-Barr virus, and influenza proteins (CEF peptides, Proimmune, Oxford, United Kingdom) [25] testing high and low responders in each assay. For a high-responder donor (mean 244 spots per 100,000 CD8 + cells), CVs were 15 %. For a lowresponder donor (mean 25 spots per 100,000 CD8 + cells), CVs were 3 %.
Evaluation of tumor infiltrating T cells
Portions of each tumor biopsy, in Iscove's DMEM (Mediatech, Manassas, VA) supplemented with 20 % FBS, pen/ strep (1:100), l-glutamine (1:100, Invitrogen, Carlsbad, CA), 2-mercaptoethanol (1.75 μl/500 ml, Bio-Rad, Hercules, CA), fungizone (1:100, Invitrogen), and gentamicin (1:200, MP Biomedicals, Santa Ana, CA), were shipped in a refrigerated container overnight for morning delivery from Charlottesville, VA to Boston, MA. T cells from melanoma lesion explant cultures were grown with IL-2 (100 I.U./ml, National Cancer Institute, Frederick, MD) and IL-15 (10 ng/ml, Peprotech, Rocky Hill, NJ) for 1-2 weeks as previously described [26] . T cells were surface stained with antibodies and tetramers detailed in Supplemental Table 2 , as previously described [22, 27] , before flow cytometry analysis. For analysis of regulatory T cells (Tregs), cells were surface stained followed by intranuclear staining for Foxp3 (Supplemental Table 2 ) using the Foxp3/ Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA) per manufacturer's protocol. Samples were run on FACSCanto instruments, and data were analyzed using FACSDiva software (V5.1, BD Biosciences).
Chemokine and cytokine quantification
Total protein from tumor biopsies was isolated using total protein extraction reagent (Thermo Scientific, Waltham, MA), complete protease inhibitor (Roche, Indianapolis, IN), and a cold Dounce homogenizer. Samples were disrupted by sonication, centrifuged to remove residual debris, filtered through a 1.2-μm Gelman 4190 syringe filter, and assayed for protein concentration using a NanoDrop ND1000. Indicated cytokines and chemokines were measured from biopsy samples using cytokine multiplex kits (EMD Millipore Corporation, Billerica, MA) and quantified against calibration curves from recombinant protein standards using a Bio-Plex array reader (Bio-Rad).
Enumeration of immune subsets in melanoma tumors
Immune cells were identified in formalin-fixed paraffinembedded sections of tumor metastases by IHC staining with antibodies to CD8 (Dako, Carpinteria, CA, USA), and CD45 (Dako), followed by 3,3′-Diaminobenzidine (Vector Labs, Burlingame, CA) and hematoxylin staining or Azure B (Poly Scientific, Bay Shore, NY). Stained slides were imaged at 20× using the Leica SCN400 slide scanner. Immune cells were enumerated using Digital Image Hub Tissue IA software (Leica Biosystems, Buffalo Grove, IL) on the entire available tumor sections excluding edges and tissue folds, and cell counts were normalized per mm 2 . Automated cell counts were verified by manually counting by eye, when the cells were at a reasonable density, to audit the automated counts.
Gene expression
Fine needle aspirations from melanoma metastases were lysed directly in QIAzol Lysis Reagent (Qiagen, Hilden, Germany), and RNA was extracted according to the manufacturer's protocol. RNA was amplified using the Ambion WT expression kit (Life Technologies, Carlsbad, CA). Fragmented single-stranded sense DNA were terminally labeled and hybridized to the Human GeneChip 1.0 ST array and stained on a Genechip Fluidics Station 450 (Affymetrix, Santa Clara, CA) according to the manufacturer's protocol. Arrays were scanned on a GeneChip Scanner 3000-7G (Affymetrix). Data were analyzed using Expression Console and Transcriptome Analysis Console Software; differentially expressed genes were identified by paired ANOVA test with a significance cutoff p ≤ 0.05 and fold change (linear) of < −2 or >2 (Affymetrix).
Statistics
Sample sizes were deemed too small to statistically model changes in ELIspot, cytokine, and cell enumeration studies. Kaplan-Meier survival estimates were calculated using SAS 9.4 (SAS Institute, Cary, NC).
Results
Trial enrollment
A total of 4 eligible patients were enrolled to cohort 1 of the study from February 2011 through March 2012. Enrollment was discontinued early due to slow accrual because of competing therapeutic options. Clinical characteristics of the patients are listed in Supplemental Table 3 . All had recurrent melanoma with multiple in-transit metastases.
Toxicity assessment
There were no dose-limiting toxicities or grade 3 or higher treatment-related adverse events. Study-related grade 1-2 adverse events included vaccine site reactions, systemic symptoms including chills, fever, fatigue, flu-like symptoms, rash at imiquimod application sites, and biopsy site wound complications (detailed in Supplemental Table 4 ).
Clinical outcome
Patients had all evident metastases excised as part of the study procedures; therefore, clinical responses beyond week 6 were not evaluable. Three enrolled patients are currently living; two with metastatic disease, and one without evidence of disease since treatment; one patient has died from disease (median follow-up 4.05 years, 75 % survival, Fig. 1b, Supplemental Table 3 ).
Vaccine induced T cell responses in circulation and in melanoma metastases
Circulating T cell responses to vaccination was measured by ELIspot assay. CD8
+ IFNγ responses to the pooled 12MP were detected ex vivo in 3 of 4 patients (75 %, patients 1-3), two of which were evident by week 3 (day 22, patients 1, 2), as shown in Fig. 2a, Fig. 2c ), but did not increase in patient 4, who did not develop T cell circulating response to vaccine, but interestingly had a high proportion of peptide-reactive T cells in the tumor at baseline. Several tumors that were not treated with imiquimod were evaluated for patients 2, 3, and 4 ( Fig. 2c, "UN") ; these suggest a favorable effect of vaccination alone.
T cell activation in melanoma metastases
To characterize T cell function and phenotype, we evaluated the expression of activation markers (CD25, CD69), chemokine receptors (CCR4, CCR6, CCR7, CCR9, CXCR3), homing receptors (cutaneous leukocyte antigen [CLA] and α4β7 integrin), and markers of differentiation (CD161 (Th17, Tc17), Foxp3) on tumor infiltrating CD3 + cells after short-term culture with IL-2 and IL-15. Pretreatment tumor controls (day 1) were unevaluable for patient 2. Among CD3 + cells for the patients 1, 3, and 4, increases were observed (from day 1 to day 22) in the percentage of CD161 + cells, an increase that persisted in patients 1 and 3 until day 43 (data not available for patient 4). Increased expression of CCR9 was observed from CD3 + cells from patient 3 and persisted to day 43 (Supplemental Figure 1 ).
Cytokines and chemokines detected in melanoma metastases
Metastases were evaluated for expression of cytokines (IFNα, IFNγ, IL-10, IL-12, TGFβ) and chemokines associated with immune cell recruitment (CXCL9, CXCL10, CXCL11, CCL21, CCL22) by multiplex assay to assess whether imiquimod treatment plus vaccine increases their production. Sufficient tumor samples were evaluable only for patients 2 and 4; in both, there were increases in CXCL9, CXCL10, CXCL11, CCL5, IFNα, and IFNγ on day 22 post-initiation of vaccine and imiquimod treatment (Fig. 3a) .
Enumeration of CD8
+ and CD45 + cell infiltrates in tumors 
CD8
+ cells from patient tumors at day 1 (untreated), day 22 and day 43 (imiquimod treated), and day 22 and day 43 untreated tumor controls denoted UN. D1 untreated tumor controls were unevaluable for patient 2. When available, tumors not treated with imiquimod were assessed and are marked "UN" with black border added around the bars have increased circulating T cell responses to vaccination (Fig. 2) , both CD8
+ and CD45 + cell densities decreased from day 1 to day 22, and decreased further to day 43 (Fig. 3b) . Increases in CD8
+ and CD45 + cell infiltrates often declined from day 22 to day 43, despite continued vaccination and application of imiquimod.
Gene expression of melanoma metastases
Melanoma metastases from patients 1-3 were also evaluated for changes in gene expression profiles from days 1 to 22 (n = 3) and days 1 to 43 (n = 2). Principal component analysis suggested that treatment with topical imiquimod plus vaccine had modest effects on the tumor samples, which otherwise clustered according to patient (Supplemental Figure 2 ). Gene expression in imiquimod-treated tumor samples (day 22 and day 43) was compared, in a paired analysis, to pretreated tumors (day 1). Changes in expression of 247 genes were observed from day 1 to day 22 (Supplemental Tables 5 & 6) , and changes in expression of 52 genes were observed from day 1 to day 43 (Supplemental Tables 7 & 8) . In these two datasets, 27 gene expression changes were in common, and all were upregulations from day 1 (Fig. 4) . These changes represented 56 common pathways, which were changed in both day 22 and day 43 imiquimod-treated samples when compared to pretreatment tumors, for which the 25 most upregulated are shown in Table 1 . The upregulated pathways and genes included adaptive immunity (TCR signaling, IFNγ signaling, IL-2 signaling), and innate immunity (TLR signaling, and complement activation).
The CCL5 gene was upregulated after imiquimod treatment, which may support recruitment of cytotoxic cells and other T cells [6] . Further evidence of T cell/NK cell recruitment is suggested through upregulation of: IL2RG, IL2RB, CD3G, CD2, SLAMF6, CD38, TRAT1, FYB, GIMAP2, IFIH1, PTPRC, GPR174, THEMIS, and TRAF3IP3 genes (Fig. 4) . Collectively, the gene profiles support the observed increases in immune cell infiltrates and suggest that T cells and NK cells may be activated in patient tumors post-imiquimod treatment, and may be of a Th1 phenotype since there is evidence of IFNγ signaling (Fig. 4) .
However, the increased gene signatures and increased T cell infiltration into tumors evident at day 22 were less prominent on day 43, despite continued imiquimod application and vaccination. This raises the possibility that immune regulatory processes may be induced after 3 weeks. To explore this possibility, changes in gene expression from day 22 to day 43 were assessed. This analysis identified increases in 10 genes (DSP, TRNAU2, RN5S19, SER-PINB5, RNU1-10P, IRAK3, CLCA2, ALDH1A1) and decreases in 2 (RNU6-1052P, TMEM232), which represent increases in several pathways, including tryptophan metabolism, fatty acid omega oxidation, micro-RNA-targeted genes in lymphocytes, IL-1 signaling, apoptotic execution phase, and regulation of TLR signaling (Supplemental Tables 9 & 10) .
Discussion
This pilot study was performed to evaluate the safety and immunogenicity of administering imiquimod directly to melanoma metastases, in combination with vaccination at a distant site. The hypothesis underlying this study is that there may be benefit in modulating the TME to support T cell infiltration in combination with vaccination or other approaches to expand circulating antigen-specific T cells. The study is limited by small patient numbers, but provides provocative findings supporting our hypothesis. Both imiquimod treatment and the vaccines were well tolerated, with treatment-related adverse events limited to grade 1 and grade 2 events that match those observed in prior studies [21, 23] . Imiquimod is not approved for use in topical treatment of melanoma metastases, but its off-label use has been reported in that setting [18, 28, 29] , with beneficial control of treated lesions in some patients. Cancer vaccines have a very favorable safety profile [30] , so the present study is consistent with prior work supporting safety of vaccines plus imiquimod in combination.
Evaluation of the melanoma metastases in patients treated with vaccine plus topical imiquimod revealed several consistent findings across multiple analyses. In the patients who developed T cell responses to vaccine in blood, there were increases in the chemokines CXCL9, CXCL10, CXCL11, CCL5, and the cytokines IFNγ, and IFNα at day 22 in treated tumors (Fig. 3a) , findings that were also supported by significant increases in gene expression for CXCL9-11 and CCL5 by day 22, which persisted to day 43 for CCL5 (Fig. 4 , Supplemental Tables 5  & 7) . These chemokines have been associated with homing of CD8 + T cells to melanoma metastases and appear critical for T cell-mediated tumor control [6] . Consistent with those findings, there were increases in total and vaccine-specific CD8 + T cell infiltrates (Figs. 2c, 3b ) for those patients who had circulating T cell responses to the vaccine (Fig. 2a, b) . Interestingly, the patient who did not develop a T cell response to vaccination did not have increased T cell infiltration (Fig. 3b) . This is only one patient, but the finding is consistent with the hypothesis that imiquimod treatment of melanoma metastases may favorably modulate This study was originally designed to include a cohort treated with imiquimod only, as control for the combination of vaccine plus topical imiquimod; however, no patients enrolled to that cohort. However, we have completed another study of vaccination plus intratumoral interferongamma, in which tumors were biopsied before vaccination and after 3 weeks of vaccines (and before interferongamma treatment). In that study, effects of vaccine alone on the tumor microenvironment were minimal, and there was no significant increase in T cell infiltration with vaccines alone (manuscript submitted). That experience provides a nonrandomized control for the effects of vaccine alone, and support the hypothesis that imiquimod application to the tumors supports T cell infiltration and immune activation that is not otherwise attributable to vaccine alone.
Interestingly, many of the changes in the TME that are evident by day 22 are no longer evident by day 43, despite continued treatment. This raises interesting questions about whether immune regulatory processes intervene to limit the immunoprotective changes that happen by day 22. Some clues are suggested by differences in the gene expression profiles between day 22 and day 43. Genes upregulated day 22 (vs day 1) but not day 43 (vs day 1) include: CXCL9-11, which recruit CD8 + T cells and Th1 CD4 + T cells, CXCL12 and CXCL13, which have key roles in induction of tertiary lymphoid structures [31] , granzymes A and K (GZMA and GZMK), T cell genes CD3E, CD3D, and CD4, markers of DC activation CD80 and CD86, the T cell activation marker CD69, myeloid markers CD14 and CD163, the costimulatory molecules CD137 (TNFRSF9) and IL7R, and the homing receptor molecule vascular cell adhesion molecule 1 (VCAM1), and kynureninase (KYNU). These suggest a gene signature supporting T cell homing, DC activation, and T cell co-stimulation. On the other hand, genes upregulated day 43 (vs day 1) but not day 22 (vs day 1) include IDO1, as well as CD27, ICOS, and CD122. It may be significant that IDO1 is upregulated at day 43, but not Allograft rejection  17 CXCL9,CXCL11,C3,CXCL12,STAT1,CX  CL13,C2,HLA-DRB3,HLA-DRA,HLA-DMB,HLA-DRB1,HLA-DPA1,HLA-DRB4,CD80,HLA-DMA,HLA-DPB1,CD86 1 STAT1
Regulation of toll-like receptor signaling pathway 12 CXCL11,CXCL9,CXCL10,CD86,TLR7,P  IK3CG,CCL5,STAT1,CD80,TLR4,CD14  ,CD180 day 22, whereas kynureninase, which degrades kynurenine, downstream of IDO1, is upregulated at day 22 but not day 43. Thus, one postulated mechanism for the findings is that IFNγ signaling leads to a secondary upregulation of IDO1 [32] , which in turn may limit the effect of imiquimod and vaccine in the TME. This should be evaluated in a larger dataset but if it does explain the phenomenon, then it raises the possibility that the beneficial effects of imiquimod on the TME, with or without vaccination, may be extended by combining with an IDO1 inhibitor after several weeks. The persistent expression of CD27 and CD122 at day 43 raises the possibility that combination with an agonistic antibody for CD27 or IL-15 may support expansion of T cells in the TME during continued treatment with imiquimod. Genes upregulated between day 22 and day 43 also suggest potential mechanisms for downregulation of immune signatures and infiltration after day 22. Among 10 genes upregulated by day 43, the most upregulated (5.3×, Supplemental Table 9 ) was desmoplakin (DSP), which we have recently identified as one of several desmosomal proteins associated with the lack of protective immune signatures in melanoma and ovarian cancer (manuscript submitted). Its upregulation after day 22 suggests that its expression may be modulated by imiquimod and vaccination. Also upregulated is IRAK3 (2.2×), which is expressed by myeloid cells and has been reported to regulate TLR signaling [33] [34] [35] , and to mediate cancer-associated dysfunction of human monocytes [36] . ALDH1A1 expression also increased and has been associated with cancer stem cells, including in melanoma [37] . The role of other identified genes deserves further exploration, especially to test whether their downregulation may support immune-mediated tumor control.
Previous studies indicate that three common themes are associated with cancer rejection: activation of IFNstimulated genes toward a Th1 cell polarization, such as through the IFNy-STAT1-IRF1-IFN-stimulated gene pathway; recruitment of cytotoxic cells through production of chemokine ligands, such as, CXCL9-10, and CCL5; and activation of the immune-effector function genes such as granzymes, perforins, granulysin, and caspases [38] . The gene array data highlight IFNγ-stimulated genes as dominant upregulated genes in treated tumors (Supplemental Tables 5 & 7) . Further, the IHC data and flow cytometry from this study suggest that imiquimod treatment plus vaccine increases T cells in tumors. The gene expression data for day 22 tumors also revealed increased granzyme A (2.5-fold) and granzyme K (5.6-fold). Also, there was increased serglycin (SRGN) at both time points. Serglycin is associated with secretory granules containing granzymes and perforins. This is consistent with increases in granzyme genes in basal cell cancers after imiquimod treatment, though the basal cell carcinoma studies were conducted over a shorter time course [14] . A limitation of this study is the small number of patients evaluated. However, despite this limitation, the findings suggest that imiquimod plus vaccine may support a tumor rejection phenotype, supporting further investigation of imiquimod and/or other TLR agonists in combination with vaccines or other therapies that may increase circulating tumor-reactive T cells.
